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Abstract 
The oxygen evolution reaction (OER) was studied on different types of oxide-coated Pt electrodes in 1 M HzSO,. Polarization 
curves at “oxide-free” Pt electrodes show two Tafel regions with slopes of ca. 0.120 V per decade and 0.160 V per decade, whereas 
the polarization curves at Pt electrodes coated with an oxide film accumulated by potential cycling at 0.3 V s- ’ between 0.95 V and 
2.00 V show a single Tafel region. The value of the single slope decreases steadily as the thickness of the oxide film is increased to 
reach a limiting value of ca. 0.090 V per decade for oxide coating thicknesses greater than 2 nm. Otherwise, hydrous Pt oxide 
coated electrodes show two Tafel regions; the first appears between 1.6 and 1.8 V with a Tafel slope which increases as the oxide 
coating thickness is increased; the second region in the 1.9-2.1 V range involves a Tafel slope of ca. 0.088 V per decade which is 
independent of the coating thickness. This electrochemical behaviour is interpreted in terms of different oxide layer structures in 
which a fast redox electrochemical system is involved. This system influences the kinetics of the OER, probably through the 
formation of an intermediate species at the outer hydrous Pt oxide layer involving oxidation states of Pt higher than Pt(IV). 
1. Introduction 
The presence of oxide films on metal electrodes, 
either at the monolayer level or as a homogeneous or 
heterogeneous oxide phase, can modify the kinetics of 
a number of electrochemical reactions. For instance, 
the electro-oxidation of small organic molecules, such 
as CO, is influenced by a submonolayer of 0 atoms on 
Pt [1,2]. In addition, the evolution of 0, and Cl,, as 
well as other electrocatalytic reactions at high positive 
potential [3], also takes place on oxide-coated Pt elec- 
trodes. 
The characteristics of Pt oxide coatings depend 
strongly on whether they are formed under either 
potentiostatic [4-71 or potential cycling [8-101 condi- 
tion. Thick Pt oxide coatings have been described as 
duplex structures consisting of an inner quasi-two-di- 
mensional 0 adatom monolayer and a thick outer 
hydrous Pt oxide layer. The behaviour of the outer 
layer depends strongly on the preparation procedure 
1111. Thick hydrous Pt oxide layers, grown by applying 
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appropriate periodic potential routines in acids, behave 
as a gel-like material [9,11]. 
The formation of both thin ( < 2 nm) Pt oxide layers 
by potential cycling between 0.9 and 2.00 V at 0.3 V 
s-i and thick hydrous oxide layers by potential cycling 
between 0.58 and 2.2 V at 100 V SK* is accompanied by 
the simultaneous appearance of a fast reversible charge 
storage process [lo]. The voltammetric behaviour of 
this type of oxide-coated Pt electrode is similar to that 
found for Rh electrodes which have been subjected to 
a vigorous potential treatment in the 0 electrosorption 
potential range [12]. In this case, the presence of a fast 
redox system in the oxide layer reduces the Tafel slope 
for the oxygen evolution reaction (OER) in acid at 
room temperature [12]. Accordingly, from the stand- 
point of electrocatalysis, it appears interesting to com- 
pare the kinetics of the OER in acid on different types 
of oxide-coated Pt electrodes. 
2. Experimental 
The working electrode consisted of Pt wires (John- 
son Matthey, 99.998% purity) of real area about 1 cm2 
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sealed to soft glass tubings. The working electrode area 
was determined from the voltammetric charge of H 
atom electrosorption [ 131. 
Each working electrode was polished with 1 pm grit 
Al,O, water suspension and then potentially cycled 
between E, = 0.050 V and E, = 1.45 V at v = 0.3 V 
s-l to attain the corresponding stabilized voltammo- 
gram for H and 0 electrosorption processes. The work- 
ing electrode potential was measured against a re- 
versible hydrogen electrode (RHE) in the same solu- 
tion. The reference electrode was connected to the rest 
of the cell by a conventional capillary tip to minimize 
ohmic drop. The counterelectrode was a platinum 
gauze. Runs were made in aqueous 1 M H,SO, at 
25°C. The electrolyte solution was prepared from 
H,SO, (Merck p.a., 97%) and Milli-Q* water, and 
used under purified N,. The electrochemical set-up 
consisted of a Krohn-Hite function generator coupled 
to a potentiostat PAR-273, both controlled by an IBM 
30-286 personal computer. 
Polarization curves on different oxide-coated Pt 
electrodes were measured at potential scan rates v 
usually lower than 0.005 V s-l to approach closely 
steady state polarization conditions. The fulfilment of 
quasi-steady-state conditions was checked by perform- 
ing potentiodynamic polarization runs at several poten- 
tial sweep rates from 0.030 V s-l downwards until no 
change in the Tafel plots was observed. This ensures 
that the measured Tafel plot is independent of the 
value of the potential sweep rate. 
The following Pt electrodes were studied: (i) elec- 
trodes stabilized by potential cycling at 0.3 V s-l 
between 0.05 V and 1.45 V which are identified as 
“oxide-free” electrodes, (ii) oxide-coated Pt electrodes 
prepared by galvanostatic anodization at 1 mA cmp2 
(iii) oxide-coated Pt electrodes prepared by potential 
cycling between Ei = 0.95 V and ES, = 2.00 V at v = 
0.300 V s-l and (iv) oxide-coated Pt electrodes pre- 
pared by potential cycling between EL = 0.58 V and 
Ei = 2.2 V at v = 100 V s-l. 
3. Results 
The OER kinetics in 1 M H,SO, changes consider- 
ably in going from an “oxide-free” Pt electrode to 
oxide-coated Pt electrodes. For these electrodes, the 
OER kinetics also depends on the type of Pt oxide 
coating. 
The OER Tafel plot on a Pt electrode previously 
stabilized between 0.050 V and 1.45 V at 0.3 V s-l 
(Fig. 1) shows two linear regions. The first extends 
from ca. 1.55 V to ca. 1.75 V with a slope (bT), = 0.120 
V per decade, whereas the second region passes from 








Fig. 1. Tafel plots for the OER on Pt in 1 M H,SO, (v = 1 mV s-l; 
temperature, WC): 0 Pt electrode previously stabilized between 
0.050 V and 1.45 V at 0.3 V s-‘; 0 Pt electrode previously anodized 
at 1 mA cm-’ per 100 s. 
per decade. The Tafel plot changes markedly at oxide- 
coated Pt electrodes. Thus, for an oxide-coated Pt 
electrode prepared by holding the current at 1 mA cm2 
for 100 s, the Tafel plot at v = 1 mV s-l presents a 
single straight line region from ca. 1.6 V to 2.0 V with a 
slope b, = 0.120 V per decade (Fig. 1) irrespective of 
v, for v I3 mV s-l, in agreement with previously 
published steady-state data [14]. The value of j, ex- 
trapolated at E = 1.23 V, the reversible potential of 
the 0, electrode in the solution at 25°C about 7.7 x 
lo-” A cmp2, a figure which is also in good agreement 
with values reported in the literature [15]. 
The OER kinetics in 1 M H,SO, on Pt electrodes 
coated with a potentiodynamically produced oxide layer 
depends on the characteristics of the applied potential 
routine. Thus Pt oxide layer coatings which are less 
than 2 nm thick, formed by potential cycling between 
EL=0.95 V and E:=2.00 V at v=O.3 V s-l for a 
time 0 s I r I 900 s, exhibit a fast reversible electro- 
chemical system [lo]. The contribution of this system 
increases with r [lo]. For this type of electrode, the 
OER Tafel plots show a single straight line for T > 0 
(Fig. 2) with a v-independent slope b, = 0.090 V per 
decade, and i. = 8 X 10-l’ A cmm2 for 7 = 300 s (Fig. 
3). The value b T = 0.090 V per decade is the lowest 
attainable at oxide-coated Pt electrodes. Conversely, 
for T = 0, Tafel plots from E = 1.5 V upwards always 
exhibit two linear portions with v-dependent slopes 
(Fig. 4). 
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Fig. 2. Tafel plots for the OER on Pt in 1 M H,SO, (the Pt Fig. 4. Tafel plots for the OER on Pt in 1 M HaSO, in the absence 
electrode was previously cycled at v = 0.3 V s-t between 0.95 V and ofthefastredoxsystem(r=O): Ov=O.lmVs-‘;a v=3mVs-‘; 
2.00 V in 1 M H,SO,) 0 r = 0 s; 0 r = 30 s; A T = 60 s; n r = 300 0 v = 30 mV s-‘; n v = 0.1 V s-‘; A u = 0.3 V s-l. Temperature, 
s. v = 3 mV s-t; temperature, 25°C. 25°C. 
Similar experiments were performed with Pt elec- 
trodes coated with a hydrous oxide layer which was 
produced by potential cycling between 0.58 V and 2.2 
Vat u=100Vs-‘for30s~~19OOs[8],andfinally 
potential stepped to 1.6 V. The OER Tafel plots (Fig. 
5) show two linear portions with slopes of 0.130 VI 






Fig. 3. Tafel plots recorded for the OER on Pt in 1 M H,SO,, (the Pt Fig. 5. Tafel plots for the OER at oxide-coated Pt in 1 M H,SO,. 
electrode was previously cycled at v = 0.3 V s-r between 0.95 V and Oxide film accumulated by potential cycling between 0.58 V and 2.20 
2.OOVforr=3OOs: 0 v=lmVs-‘; n v=3mVs-‘; A v=lO V at v = 100 V s-l for 7 = 300 s (0) and 7 = 900 s (0). o = 0.001 V 
mV s-l; n v = 0.1 V SK’; 0 v = 0.3 V s-l. Temperature, 25°C. s-l; temperature, 25°C. 
1.8 
10’ lo2 103 10’ 
j/PA cmv2 
(br)r I 0.140 V per decade in the range 1.7-1.9 V and 
0.080 V < (b,jn I 0.090 V per decade in the range 
1.9-2.05 V; the corresponding values of j, were 3 x 
10e9 A cmp2 and 2 X 10-l’ A cm-2. 
According to earlier reported data [ll], hydrous 
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Fig. 6. Tafel plots for the OER on oxide-coated Pt in 1 M H,SO,. 
The Pt hydrous oxide layer initially present on the electrode has 
been detached at 2.5 V. Temperature, 25°C. 
detached from the Pt substrate at potentials above 2.00 
V. When oxide coating detachment occurs, the OER 
Tafel plot, resulting from the Pt electrode with the 
residual oxide coating, shows a single slope b, = 0.090 
V per decade in the range 1.75-2.0 V (Fig. 6). 
Kinetic data derived from Tafel plots are summa- 
rized in Table 1. The appearance of two Tafel slopes at 
Pt electrodes coated with a thick oxide layer agrees 
qualitatively with the behaviour already reported in the 
literature [ll], although the Tafel slope observed in the 
upper potential region is higher than the value of 0.040 
V per decade reported elsewhere Ill]. Values of j, 
extrapolated to 1.23 V show a decrease from ca. 10e8 
A cmp2 in the low potential region to ca. 10-l’ A 
cmp2 in the high potential region. The single Tafel 
slope, either b, = 0.120 V per decade obtained for 
galvanostatic anodized Pt or b, = 0.090 V per decade 
for potential cycled Pt, approaches a value of j, = 10-i’ 
A cmW2. This figure agrees with that reported for Pt 
electrodes covered with oxide films of different thick- 
nesses grown under galvanostatic conditions [14]. It 
should be mentioned, however, that higher j, values, 
such as j, = 1.3 X lo-’ and j, = 8.5 X 10e9 A cm-’ 
under galvanostatic [161 and potentiostatic [17] condi- 
tions, have also been reported for the OER at Pt 
electrodes. 
4. Discussion 
The strong influence of the type of Pt oxide coating 
on the OER kinetics (Table 1) indicates that its initia- 
tion at a supposedly bare Pt electrode involves the 
simultaneous occurrence of its own oxide-coating for- 
mation reaction and the OER itself [18]. This means 
that the characteristics of the oxide layer, either previ- 
ously formed or produced during the OER, should 
influence the OER kinetics. This fact can explain the 
appreciable variation in the OER kinetic data on Pt 
electrodes reported in the literature [14], as these 
electrodes are usually prepolarized either at constant 
current or potential to obtain a reproducible response. 
These pretreatments may produce oxide coatings of 
different electrochemical characteristics. However, it 
was concluded that oxidized Pt electrodes, compared 
with other metal oxide electrodes, behave as unsatis- 
factory electrocatalysts for the OER owing to the for- 
mation of rather poorly conducting Pt oxide films. 
Furthermore, the rate of the OER on Pt in acid 
decreases exponentially with the Pt oxide film thick- 
ness [14]. 
Several mechanisms have been proposed for the 
OER on Pt in acids [11,19-221, but the role played by 
Pt oxide coatings in the reaction is still unclear. There- 
fore the dependence of the OER kinetics on the his- 
TABLE 1 




(1 mA cm-*, 100 s) 
Triangular potential cycling 
(0.95-2.00 V, u = 0.3 V s-l, 600 s) 
Triangular potential cycling 
(0.58-2.22 V, u = 100 V s- ‘, 300 s) 
Triangular potential cycling 
(0.58-2.2 V, u = 100 V s-l, 900 s) 
Potential range/V lo9 j, (E = 1.23 V)/A cm-’ b,/V per decade 
1.55-1.75 6.75 0.120 + 0.005 
1.90-2.15 59.6 0.160 f 0.005 
1.6 -2.00 0.77 0.120 + 0.005 
1.55-2.10 0.8 0.090 f 0.005 
1.65-1.85 3.5 0.135 f 0.005 
1.85-2.10 0.036 0.090 f 0.005 
1.60-1.75 78 0.140 f 0.005 
1.75-1.95 0.16 0.090 + 0.005 
A.E. Bolzrin, A.J. Arvia / Changes in kinetics of oxygen evolution reaction 161 
tory of oxide-coated Pt electrodes can be discussed, the anodic direction. This value of (Y has been related 
considering the possible structure of the oxide films to a direct elastic tunnelling contribution to the OER 
formed under the different conditions. kinetics through the oxide film [29]. 
The value b, = 0.120 V per decade for the OER on 
Pt electrodes has been related to the first electron 
transfer step as the rate determining step [19]. The first 
reaction step has been formally assigned to the forma- 
tion of OH adsorbed species: 
Pt + H,O --) Pt(OH) + H++ e- (I) 
where Pt stands for a reacting site on Pt and Pt(OH) is 
an OH adsorbate on Pt. However, reaction (1) repre- 
sents a simple formal equation in which interactions 
and topographic features are not considered. Further- 
more, reaction (1) at Pt electrodes behaves as a re- 
versible surface process which is followed by the for- 
mation of an oxide coating whose thickness reaches 
about a few monolayers. These processes take place at 
potentials considerably lower than the OER threshold 
potential [23]. 
At transition metal electrodes, a high oxidation state 
of metal ions in the oxide layer can be produced by 
increasing the applied potential [20,21,24,25], leading 
to reversible redox systems in the oxide matrix itself. 
The presence of those reversible electrochemical sys- 
tems in this type of oxide coating on Pt seems to be 
responsible for the OER single Tafel line with b, = 
0.090 k 0.005 V per decade. This type of oxide coating 
on Pt seems to be that which has been identified as (Y 
or type I Pt oxide [4,26,27]. 
Otherwise, the kinetics of the OER with a thick 
coating of hydrous oxide exhibit two Tafel slopes. This 
type of Pt oxide layer has currently been identified as 
p or type II oxide [4,26,27]. The fact that the first Tafel 
region (1.5-1.8 V range) has b, = 0.15 V per decade, 
whereas the second Tafel region (1.8-2.1 V range) has 
b,= 0.088 &- 0.005 V per decade, indicates that, as the 
potential is increased, the OER kinetics is the same for 
all types of oxide-coated Pt electrode whenever the fast 
reversible redox system is present in the oxide matrix. 
The value b, = 0.090 V per decade cannot be ex- 
plained by conventional reaction mechanisms [ 191. Inci- 
dentally, this Tafel slope has previously been reported 
for Pt aelectrodes coated with a thin Pt oxide layer 
(d I 6 A) [28] within the framework of a theoretical 
model for a tunnel probability contribution to the OER 
kinetics. This proposed model, which implies an in- 
crease of b, with d, has been criticized as no OER 
Tafel slope change could be observed on increasing the 
oxide thickness [14]. 
Both type I and type II oxides should be present in 
the duplex-type structure assigned to the thick hydrous 
oxide coatings at Pt electrodes [301. In this case, at a 
constant potential the current in the low over-potential 
range is higher than that measured for Pt electrodes 
coated with type I oxide. This effect can be related to 
an increase in the active surface area at electrodes 
coated with a thick hydrous oxide layer, and the Tafel 
slope of 0.140 V per decade found at low overpoten- 
tials probably arises because of a decrease in the 
concentration of the species entering the fast Pt redox 
couple as the oxide coating thickness is increased. 
However, as the potential is raised, Pt’+ species (+5 
I z I + 6) probably reach a constant surface concen- 
tration, and then the OER kinetics is the same as that 
of Pt electrodes coated with a thin oxide layer. At this 
stage, any kinetic resistance due to a concentration 
gradient of mediator species would disappear, and 
charge transfer processes would mainly proceed 
through a sort of a redox chain mechanism. Accord- 
ingly, the OER kinetics at Pt electrodes coated with a 
thick oxide layer may comprise a contribution of elec- 
tron tunnelling at the thin inner type I oxide layer, and 
a slow simultaneous charge and proton transfer operat- 
ing through a redox chain at the thick outer type II 
oxide layer. This explanation is consistent with the fact 
that, once the outer oxide layer has been detached 
(Fig. 61, a single low Tafel line with b, = 0.080 V per 
decade is observed, as has already been described for 
Pt electrodes coated with type I oxide (Fig. 2). Hence, 
for Pt electrodes coated with thick oxide, the OER 
kinetics would be controlled by an electron and proton 
transfer reaction at the outer oxide coating at low 
over-potentials, whereas, as the applied potential ex- 
ceeds a certain value, the reaction would be deter- 
mined by the fast redox system in the oxide matrix. 
This means that the OER involves the participation of 
the fast redox system in the Pt oxide layer which is 
formed by potential cycling routines [lo]. 
The OER kinetics on electrodes covered with type I 
oxide appears to be independent of the oxide thickness 
(Fig. 31, and the value b, = 0.090 V per decade implies 
a transfer coefficient (Ye = 0.66 assisting the OER in 
The preceding interpretation of the role played by 
the fast redox system in the OER on oxide-coated Pt 
electrodes is consistent with the conducting character- 
istics of other comparable fast redox reactions such as 
Mn3+/Mn2+ and Ce4+/Ce3+ in aqueous media [26]. 
Furthermore, the presence of intermediate Pt oxida- 
tion states in the OER provides a way of understand- 
ing the potential-relaxation characteristics of Pt elec- 
trodes which were previously anodized either above or 
below 1.85 V [31]. 
It should be mentioned that changes in the OER 
Tafel slope, which have been attributed either to the 
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onset of resonance tunnelling [32] or to the interven- 
tion of a redox mediator step involving different oxida- 
tion states of Pt in the oxide film [33], are likely to be 
equivalent, as resonance tunnelling can be induced by 
high oxidation states of Pt ions at the oxide surface as 
reported by Conway et al. [31]. 
Finally, the above OER kinetic behaviour on Pt in 
acid qualitatively resembles that of oxide-coated Rh 
electrodes in 12 M H,SO,, as in this case a fast redox 
system can also be produced by applying similar poten- 
tial routines [12]. Thus the fast redox system in the 
oxide matrix led to a decrease in the OER Tafel slope 
from 0.166 V per decade to 0.110 V per decade, a 
value which appeared to be almost independent of U. 
Conversely, in the absence of the fast redox system, the 
Tafel plots exhibit u-dependent slopes. 
5. Conclusions 
l The accumulation of a fast redox system built up 
on Pt oxide coatings by potential cycling influences the 
kinetics of the OER on oxide-coated Pt electrodes. 
l Oxide coatings produced on Pt electrodes can be 
described either as predominantly type I oxide (thin 
coatings) or type I + type II oxides (thick coatings). 
l Tafel plots for Pt electrodes coated with a thick 
hydrous oxide layer exhibit two linear regions. At low 
potentials b, = 0.140 + 0.005 V per decade, whereas at 
high potentials b, = 0.090 k 0.005 V per decade. The 
first Tafel region disappears once the thick outer oxide 
coating has detached. Hydrous oxide coatings deter- 
mine the OER kinetics at low potentials. At high 
potentials, the processes at the inner thin oxide coating 
containing the fast redox system, probably involving 
Pt”+ species (4 s z I 6), become rate controlling. At Pt 
coated with a thin oxide layer, electron tunnelling, 
which may account for the electronic conductivity 
through the oxide, probably contributes to the OER 
kinetics. 
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